ABSTRACT Background: A widely held hypothesis is that interactions between genetic predisposition and Western-type lifestyle contribute to the epidemic of type 2 diabetes (T2D). No study has tested this hypothesis. Objective: The objective was to assess whether established genetic variants, mainly from genomewide association studies, modify dietary patterns in predicting diabetes risk. Design: We determined 10 polymorphisms in a prospective, nested, case-control study of 1196 diabetic and 1337 nondiabetic men. A genetic risk score (GRS) was generated by using an allele counting method. Baseline dietary intakes were collected by using a semiquantitative food-frequency questionnaire. We used factor analysis to derive Western and ''Prudent'' dietary patterns from 40 food groups. Results: A significant interaction (P ¼ 0.02) was observed between the GRS and Western dietary pattern. The multivariable odds ratios (ORs) of T2D across increasing quartiles for the Western dietary pattern were 1.00, 1.23 (95% CI: 0.88, 1.73), 1.49 (1.06,2.09), and 2.06 (1.48, 2.88) among men with a high GRS (12 risk alleles; P for trend ¼ 0.01). The Western dietary pattern was not associated with diabetes risk among those with a lower GRS. In addition, we found that intakes of processed meat, red meat, and heme iron, which characterized the Western dietary pattern, showed significant interactions with GRS in relation to diabetes risk (P for interaction ¼ 0.029, 0.02, and 0.0004, respectively). The diet-diabetes associations were more evident among men with a high GRS (12) than in those with a low GRS. Conclusion: Genetic predisposition may synergistically interact with a Western dietary pattern in determining diabetes risk in men.
INTRODUCTION
The prevalence of type 2 diabetes (T2D) has been increasing alarmingly in the United States and worldwide (1) . The global epidemic of T2D is believed to be attributable to the changes in human lifestyle associated with Westernization and their interactions with genetic susceptibility. However, evidence of genelifestyle interactions is sparse (2) (3) (4) .
Adoption of the Western dietary pattern, which is characterized by a high intake of red and processed meats as well as refined foods, was shown in epidemiologic studies to be related to an increased risk of T2D (5, 6) . Recently, there have been landmark successes from genomewide association (GWA) studies that identified genetic variants underlying T2D (7) (8) (9) (10) (11) . In the present study, we sought to examine the potential interactions between the genetic predisposition defined by the established genetic variations and the well-characterized dietary patterns in relation to diabetes risk in a nested, case-control study from a prospective cohort of US men.
SUBJECTS AND METHODS

Study population
The Health Professionals Follow-Up Study (HPFS) is a prospective cohort study of 51,529 US male health professionals aged 40-75 y at study initiation in 1986 (12) . Information about health and disease is assessed biennially with a self-administered questionnaire. Between 1993 and 1999, 18,159 men provided blood samples. Subjects for the present study were selected from those who provided blood samples. Diabetes cases were defined as selfreported diabetes confirmed by a validated supplementary questionnaire. For cases before 1998, diagnosis was made on the basis of criteria consistent with those proposed by the National Diabetes Data Group (NDDG). We used the American Diabetes Association diagnostic criteria for diagnosis of diabetes cases after 1998 (13) (14) (15) . This study included all 1196 T2D cases from the blood cohort (335 cases were diagnosed on or before 1986) by follow-up through 2000. The cases were matched to 1337 nondiabetic control subjects on age, month, year of blood draw, and fasting status. All participants were white of European origin.
Assessment of dietary patterns
The procedure for deriving dietary patterns using food consumption data from the semiquantitative food-frequency questionnaire (FFQ) was described in detail elsewhere (16) . Briefly, we conducted factor analysis to derive dietary patterns based on 40 predefined foods or food groups. The factor analysis generated 2 major dietary patterns. The first factor (the Prudent dietary pattern) was characterized by a high intake of vegetables, fruit, legumes, whole grains, fish, and poultry, whereas the second factor (the Western dietary pattern) was characterized by a high intake of processed meat, red meat, butter, high-fat dairy products, eggs, and refined grains. For each participant, the Prudent dietary pattern score and the Western dietary pattern score were calculated by summing the standardized intakes of the component foods, weighted by the factor loadings of the foods. These scores rank participants according to the degree to which they adhere to these dietary patterns. The analyses were conducted by using the FACTOR PROCEDURE in SAS (SAS Institute Inc, Cary, NC).
In a validation study of a subsample of men (n ¼ 127) in the HPFS (17) , the 131-item FFQ was administered twice with a 1-y interval, and two 1-wk diet records were collected during that year. The correlations for the factor scores between the 2 FFQs were 0.70 for the Prudent dietary pattern and 0.67 for the Western dietary pattern. The correlations (corrected for week-toweek variations in diet records) between the FFQ and the diet records were 0.52 for the prudent dietary pattern and 0.74 for the Western dietary pattern.
SNP selection and genotype determination
DNA was extracted from the buffy coat fraction of centrifuged blood by using the QIAmp Blood Kit (Qiagen, Chatsworth, CA). DNA samples were genotyped by using the OpenArray SNP Genotyping System (BioTrove, Woburn, MA) according to the manufacturer's instructions. Primers and probes are available on request. We selected 10 single nucleotide polymorphisms (SNPs) that showed a significant association with T2D in recently published GWA studies (7) (8) (9) (10) (11) and in our study sample (18) :
, and KCNJ11 (rs5219). Genotyping success rates exceeded 95% for most SNPs. Replicate quality-control samples (10%) were included and genotyped with .95% concordance. All SNPs fit Hardy-Weinberg equilibrium, except for a significant departure for rs7756992 among nondiabetic men (P , 0.05).
Genetic risk score calculation
We calculated the genetic risk score (GRS) using a simple count method, assuming that each SNP is independently associated with T2D risk under an additive genetic model (18) . We applied a linear weighting of 0, 1, and 2 to genotypes containing 0, 1, or 2 risk alleles, respectively. This model performs well, even when the true genetic model is unknown or wrongly specified; ,5% of genotypes were missing per subject. Scores for individuals with missing genotypes were standardized to those for individuals with complete data, assuming that the missing genotypes were not related to disease status. In sensitivity analyses, we excluded all subjects with missing genotypes. Similar results were observed (18) . In addition, the results were similar when SNP rs7756992 was removed from the GRS calculation (data not shown).
Statistical analyses
The geometric means of continuous variables were compared by using general linear models, and the proportions of categorical variables were compared by using chi-square tests. Odds ratios (ORs) and 95% CIs were calculated by using the logistic regression model. Missing genotypes broke some matching pairs. In addition, the matching pairs were further broken in subgroup stratified analyses. Using conditional analysis on matching factors may lead to loss of data. Therefore, we used unconditional logistic regression models in our analysis. In the multivariable analyses, we adjusted for covariates, including age (continuous), body mass index (BMI; in kg/m 2 : ,23, 23-24.9, 25-29.9, 30-34.9, or 35), physical activity (,1.5, 1.5-5.9, 6.0-11.9, 12-20.9, or 21.0 metabolic equivalent hours/wk), smoking (never, past, or current), alcohol intake (nondrinker and drinker of 0.1-4.9, 5-10, or .10 g/d), family history of diabetes (diabetes in sibling or parent, yes or no), and total energy intakes (in quartiles). Multiplicative interactions between the GRS and dietary intakes were examined by using the likelihood ratio test, with a comparison of the likelihood scores of the 2 models with and without the interaction terms. The SAS statistical package was used for the analyses (version 8.2 for UNIX; SAS Institute). Statistical significance was set at the 0.05 level, and all tests were 2-tailed.
RESULTS
The cases with diabetes were more obese, more likely to be a current smoker, and engaged in less physical activity than were the controls. More cases had a family history of diabetes than did the controls ( Table 1 ). The GRS generated by summing the risk alleles of 10 SNPs ranged from 0 to 20 (median: 11). The GRS was significantly associated with an increased risk of T2D (18) . Based on the baseline dietary information, the factor analysis generated 2 major dietary patterns (16) . The first pattern was 1 MET, metabolic equivalent task. The geometric means of continuous variables were compared by using general linear models, and the proportions of categorical variables were compared by using chi-square tests.
2 Mean 6 SD (all such values). 3 Defined as a BMI 30. MET, metabolic equivalent task. The geometric means of continuous variables were compared by using general linear models, and the proportions of categorical variables were compared by using chisquare tests. loaded heavily with vegetables, legumes, whole grains, fruit, fish, and poultry; the second pattern was loaded heavily with red meat, processed meat, refined grains, sweets and dessert, French fries, and high-fat dairy products. The first pattern explained 10% of the total variance, and the second pattern explained '7% of the total variance. As with our previous study (16), we labeled the first pattern the ''Prudent dietary pattern'' and the second pattern the ''Western dietary pattern.'' The baseline characteristics of the nondiabetic men by quartiles of the 2 dietary patterns are shown in Table 2 . Participants with a higher Prudent dietary pattern were older, engaged in more physical activity, and less likely to be current smokers. Men in the higher quartiles of Western dietary pattern drank more alcohol and were more likely to be current smokers.
We first tested the interactions between the GRS and the 2 dietary patterns. The GRS significantly interacted with the Western dietary pattern in relation to diabetes risk (P for interaction ¼ 0.02) ( Table 3) . Adjustment for age, BMI, smoking, alcohol consumption, physical activity, family history of diabetes, and total energy intakes did not appreciably change the results. To perform stratified analysis, participants were grouped into 3 categories according to their GRS: low (,10), median (10-11), and high (12) . Dietary pattern scores were analyzed in quartiles. A high Western dietary pattern was significantly related to an increased risk of T2D among men with a high GRS (P for trend ¼ 0.01). The multivariable ORs of T2D across increasing quartiles of the Western dietary pattern were 1.00, 1.23 (95% CI: 0.88, 1.73), 1.49 (95% CI: 1.06, 2.09), and 2.06 (95% CI: 1.48, 2.88). The associations between the Western dietary pattern and diabetes risk were not significant among those with a lower GRS. When the joint associations were examined, men with the highest GRS and the highest quartile for the Western dietary pattern had a 2.75-fold (1.56-4.84) higher risk of T2D than did those with the lowest GRS and the lowest quartile for the Western dietary pattern (Figure 1 ). There were no significant interactions between the GRS and the Prudent dietary pattern.
We conducted sensitivity analyses by excluding prevalent cases of T2D or current smokers at baseline (1986) ( Table 4) . The interactions between the Western dietary pattern and the GRS in relation to diabetes risk remained significant (P ¼ 0.039 and 0.007, respectively), and the associations between the Western dietary pattern and diabetes risk among men with different GRSs were similar to those observed in all the participants.
We next examined potential interactions between the GRS and the major foods characterizing the Western dietary pattern. Significant interactions were observed between the GRS and the intakes of processed meat (P ¼ 0.029) and red meat (P ¼ 0.02) in relation to diabetes risk ( Table 5 ). Similar to the overall Western dietary pattern, intakes of red meat and processed meat showed significant associations with diabetes risk only among men with a high GRS.
We further assessed potential interactions between the GRS and nutrients high in processed and red meats, including total fat, saturated fat, and heme iron. Heme iron intakes showed the strongest and significant interactions with the GRS in relation to diabetes risk (P for interaction ¼ 0.0004; Table 5 ). High heme iron intakes were significantly related to increased diabetes risk among men with a high (P for trend , 0.0001) or median GRS FIGURE 1. Odds ratios of diabetes risk according to joint classification of Western dietary pattern scores (in quartiles; Q) and genetic risk scores (,10, 10-11, and 12). Odds ratios and 95% CIs were calculated by using an unconditional logistic regression model. The analyses were adjusted for age, BMI, smoking, alcohol consumption, physical activity, family history of diabetes, and total energy intakes. (P for trend ¼ 0.002). In those with a low GRS, the intakes of heme iron were not significantly associated with diabetes risk.
DISCUSSION
We found significant interactions between the Western dietary pattern, which was characterized by high intakes of red meat, processed meat, and refined foods, and the GRS derived from genetic variants associated with diabetes risk in GWA studies (7) (8) (9) (10) (11) . Intakes of the Western dietary pattern were significantly associated with increased diabetes risk among men with a higher GRS (12 risk alleles), but not among those with a lower GRS.
The fact that T2D is rampant in Western societies and that the incidence has clearly increased more in developing countries that have recently transitioned to a Westernized lifestyle highlights the critical role of a Westernized diet and lifestyle in triggering the epidemic of the disease (1, 2). In addition, it has long been noted that high variability exists among individuals in response to lifestyle changes. Our data suggest that the effects of a Westernized diet on diabetes risk are not homogeneous in people with different genetic backgrounds. High intakes of Westernized diets more likely increase the risk of diabetes among those with a higher genetic susceptibility to this disease.
Our data also indicate that red meat and processed meats may be the major foods driving the interactions between a Western dietary pattern and genetic variation in determining diabetes. High intakes of these foods significantly increased the risk of diabetes among individuals carrying more risk alleles (12) of diabetes variants but did not affect the disease risk in those carrying fewer risk alleles.
Intakes of red meat and processed meat and their major components, including saturated fat, cholesterol, and heme iron have been related to insulin resistance and risk of T2D in several human studies (19) (20) (21) . In addition, preserving, cooking, and processing these foods generate certain types of preservatives, additives, or other chemicals such as advanced glycation and lipoxidation end products that have toxic effect on b cells (22) or induce insulin resistance (23, 24) . Available evidence has shown that most diabetes variants might affect insulin secretion (25) . Insulin resistance and insulin secretion are closely related, because the dysfunction of one pathway may exacerbate the abnormality of another pathway. Therefore, it is feasible that individuals with high intakes of red or processed meats have a greater risk if they carry more alleles of the risk loci for T2D. Among the nutrients for which red meat is a major source, heme iron showed the strongest interaction with the genetic variation. High heme iron intakes can result in high body iron stores, which may impair insulin sensitivity and glucose homeostasis (26) . Therefore, our data suggest that heme iron is a biological candidate that may act synergistically with genetic factors in affecting diabetes risk.
Several limitations need to be addressed. Population stratification may cause spurious associations. However, our study population was highly homogeneous, because it included only whites with European ancestry, and therefore was less likely affected by population stratification. Statistical methods used to define dietary patterns such as factor analysis are somewhat subjective. However, previous studies have shown reasonable reproducibility over time and comparability between the FFQs and diet records in characterizing dietary patterns in a subsample of the HPFS (17) . In addition, the derived Western dietary pattern has been robustly related to the risk of T2D and coronary heart disease (5, 16) . Dietary patterns can vary by sex, socioeconomic status, ethnic group, and culture. Thus, it is necessary to replicate the results of our study in other populations. Finally, the genetic variants identified thus far account for a very small portion of the variability in diabetes risk. In addition, individuals with similar GRSs may differ in the specific variants contributing to their GRS. A more comprehensive evaluation of genediet interactions will need to include more genetic risk factors when they are identified and perform analyses on the interactions between specific variants and dietary intakes.
In conclusion, we found that the Western dietary pattern interacted with genetic variation in relation to diabetes risk. Our findings suggest that the adoption of a Westernized diet may increase diabetes risk, especially among the genetically high-risk population.
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